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We have cloned a novel cDNA encoding a putative transmembrane protein, neurestin, from the rat olfactory bulb. Neurestin
was identified based on a sequence similar to that of the second extracellular loops of odorant receptors in the cysteine-rich
CC box located immediately after EGF-like motifs. Neurestin shows homology to a neuregulin gene product, human
g-heregulin, a Drosophila receptor-type pair-rule gene product, Odd Oz (Odz) / Tenm, and Tena, suggesting a possible
unction in synapse formation and morphogenesis. Recently, a mouse neurestin homolog has independently been cloned as
OC4 from the NIH-3T3 cell line. Northern blot analysis showed that neurestin is highly expressed in the brain and also
n other tissues at much lower levels. In situ hybridization studies showed that neurestin is expressed in many types of
eurons, including pyramidal cells in the cerebral cortex and tufted cells in the olfactory bulb during development. In adults,
eurestin is mainly expressed in olfactory and hippocampal granule cells, which are known to be generated throughout
dulthood. Nonetheless, in adults the expression of neurestin was experimentally induced in external tufted cells during
egeneration of olfactory sensory neurons. These results suggest a role for neurestin in neuronal development and
egeneration in the central nervous system. © 1999 Academic Press
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The vertebrate olfactory system recognizes an enormous
diversity of odorants, at least in part by utilizing a large
number of G-protein-coupled receptors (GPCRs) expressed
in the peripheral primary sensory neurons (Buck and Axel,
1991; Zhao et al., 1998). Although it is clear that further
stimulus processing is required to produce the olfactory
perception, the basis for the olfactory coding remains
largely unknown. It seems likely that at least part of the
code relies on the transformation of incoming signals from
the peripheral neurons into a spatial map in the olfactory
bulb. This appears to be accomplished by the convergence
of axons from all neurons expressing the same receptor onto
a common target, the glomerulus (Ressler et al., 1994;
assar et al., 1994; Mombaerts et al., 1996). Within the
lomerular structure, thousands of receptor neuron axons
ynapse onto mitral and tufted cell dendrites (Shepherd and
reer, 1990; Shipley and Ennis, 1996). It remains unknown
xactly how this precise wiring pattern between similar
1 To whom correspondence should be addressed at the Depart-
ment of Biological Sciences, MC 2439, Fairchild Building, Colum-m
d
bia University, New York, NY 10027. Fax: (212) 531-0425. E-mail:
jm302@columbia.edu.
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All rights of reproduction in any form reserved.eceptor neurons and particular glomeruli is accomplished
lthough recent evidence implicates the odorant receptor
tself as providing some guidance function (Mombaerts et
l., 1996; F. Wang et al., 1998). Strikingly, the available
vidence suggests that there is little or no requirement for
ctivity to shape these patterns of connectivity (Brunet et
l., 1996; Bellusco et al., 1998).
An additional consideration in this system is the unique
bility of olfactory sensory neurons to regenerate through-
ut adult life (Graziadei and Graziadei, 1979). Thus, either
he developmental mechanisms or new but redundant
echanisms must remain active throughout the life of the
nimal to ensure that newly regenerated neurons locate
argets and form synapses. It seems likely that a large
umber of proteins may play a role in this process, both
evelopmentally and during regeneration.
We have attempted to identify potential candidate genes
n this process by a strategy based on a hypothetical
omophilic interaction between the second extracellular
oops (E2 loops) of odorant receptors and possible target
roteins in the olfactory bulb. We have been interested in
he E2 loops because the E2 loops have three conserved
ysteine residues that are somewhat similar to EGF-like
otifs. Moreover, the E2 loops have accumulated sequence
iversity that may result from adaptive evolution (Hughes
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166 Otaki and Firesteinand Hughes, 1993) and show a mutational correlation with
the putative odorant binding sites (Singer et al., 1995a,b).
Although highly speculative, this cloning strategy has al-
lowed us to identify a novel gene, neurestin, in the olfactory
bulb that bears an interesting resemblance to other genes
known to be involved in synapse formation and other
developmental processes. Furthermore, this gene is ex-
pressed in other neural tissues, most notably in the hip-
pocampal formation, that undergo neuronal generation in
adult life (Cameron et al., 1993).
MATERIALS AND METHODS
cDNA Cloning and Sequence Analyses
A whole l ZAP II cDNA library of the Sprague–Dawley rat
olfactory bulb (Stratagene, La Jolla, CA) was used for a polymerase
chain reaction (PCR) template using Pfu DNA polymerase (Strat-
gene) with the primer 59-ACTCCCCTCCTGAAACTCT-
CTGC-39 designed based on the E2 loop of an odorant receptor, F5
Buck and Axel, 1991), and the T7 primer 59-TAATACGACTC-
CTATAGGG-39. The amplified cDNA fragments were subcloned
nto a pBluescript-derived plasmid, pCRscript (Stratagene), and
equenced. All DNA sequencing was performed in the DNA
equencing facilities of Columbia University and Tufts University.
n the basis of the cDNA sequences obtained, about 1.0 3 106
plaques from the same cDNA library were plated and screened by
PCR with the upstream primer 59-GCCTGCCAAGAGCTT-
GATACGATC-39 and the downstream primer 59-AATGAGGG-
GATGGCCTGGTGGAC-39 according to a standard procedure
Yu and Bloem, 1993). Inserts of a positive plaque were excised in
ivo from the l ZAP II, yielding a phagemid that was then
sequenced in both directions. To clone the full-length cDNA of this
gene, the rapid amplification of cDNA ends (RACE) for the 59 and
9 ends was performed, for which poly(A)1 RNA from the olfactory
ulb of the adult Sprague–Dawley rats was prepared using the
ligotex mRNA Mini Kit (Qiagen, Chatsworth, CA) from total
NA prepared using TRIzol reagent (Life Technologies, Grand
sland, NY). The cDNA preparation and the subsequent RACE
ere performed using the Marathon cDNA Amplification Kit
Clontech, Palo Alto, CA) with PCR primer sets taken from the
reviously determined sequences. The amplified cDNA fragments
ere cloned into a plasmid pCRII-TOPO (Invitrogen, San Diego,
A) and sequenced in both directions. The gaps between the cloned
ragments were reconfirmed by further PCRs and DNA sequencing
s continuous cDNAs.
A homology search for the cDNA sequence and its deduced
rotein sequence was performed by Gapped BLAST Version 2.0
Altschul et al., 1997). Motifs were found using the GCG Wiscon-
in Package Version 9.1 developed by Genetics Computer Group
Devereux et al., 1984). The search for the putative transmembrane
egions and secondary structure analyses were performed by Pre-
ictProtein (Rost et al., 1995). All computer-derived data were
subjected to visual inspections and were modified if necessary.
To examine if there were any variant EGF-like and E2-like
sequences, cDNA sequences containing entire EGF motifs and a
part of the CC box were PCR-amplified using the original rat
olfactory bulb cDNA library (Stratagene) used for the first identi-
fication of neurestin a. After the direct cloning of the PCR products
without any purification steps, 17 independent plasmid clones
p
Copyright © 1999 by Academic Press. All rightwere sequenced. Hence the ratio of different clones might reflect
the ratio of cDNAs expressed in the olfactory bulb.
Northern and Southern Blot Analyses
Northern blot membranes for multiple tissues, which contained
2 mg of poly(A)1 RNA per lane, were obtained from OriGene
echnologies (Rockville, MD). Integrity of the transferred RNA
as confirmed by methylene blue staining (Herrin and Schmidt,
988). For the DNA probe, the rescued phagemid pBluescript with
fragment of neurestin a cDNA from the rat olfactory bulb cDNA
l ZAP II library was digested with EcoRI and the 688-bp fragment
as purified from agarose gel. The fragment including the EcoRI
ites was 59-GAATTCGGAAGTTGTG—CCTCCTTAGCTCTC-
GTGCCGAATTC-39 (the sequence from the vector is underlined),
which corresponds to amino acid residues 1317–1540 of neurestin
a. Using this fragment, all DNA probes for Northern and Southern
blot analyses were synthesized by Klenow fragment-driven random
priming and labeled with fluorescein-11–dUTP. The incorporation
of fluorescein was monitored using the rapid labeling assay under
ultraviolet light, according to the Gene Images labeling and detec-
tion system (Amersham, Arlington Heights, IL). Hybridization
reactions and stringency washes for Northern and Southern blots
were carried out at 65 and 60°C, respectively. After a hybridization
reaction, the membrane was exposed to Kodak XAR-5 film. South-
ern blot membrane was obtained from Clontech, in which case
each lane contained 4 mg of EcoRI-digested genomic DNA. Original
-ray films were processed with Adobe Photoshop.
In Situ Hybridization Analyses and
Immunohistochemistry
The in situ hybridization procedure was based on Schaeren-
Wiemers and Gerfin-Moser (1993). Entire Sprague–Dawley rat
embryos at E17, E18, and E19 were freshly frozen with Tissue-Tek
OCT compound and cut with a cryostat. The olfactory epithelia
and the whole brains including the olfactory bulbs at E21, P0, P1,
P3, and P30 were treated in the same way. With the adult rat (8–9
weeks of age) under general anesthesia (ketamine/xylazine),
samples with or without the previous zinc sulfate treatment were
taken from only the olfactory bulbs and the olfactory epithelia and
treated as described above. The thickness of the sections was 10–20
mm as indicated in figure legends. The paraffin sections of entire rat
embryos (E10, E11, E12, E13, E14, E15, E16, E17, and E18), of brains
with the olfactory epithelia (E20, P1, P5, P10), and of adult brains
(9–10 weeks of age) were obtained from Novagen (Madison, WI).
The thickness of the sections was 7 mm. The number of animals
not sections) used at each stage is indicated in parentheses as
ollows: E10 (1), E11 (1), E12 (1), E13 (1), E14 (2), E15 (1), E16 (1), E17
3), E18 (3), E19 (3), E20 (1), E21 (1), P0 (1), P1 (2), P3 (1), P5 (1), P10
1), P30 (1), and adult (8).
For the neurestin in situ riboprobes, the 361-bp PCR product
mplified using primers 59-CGTCCGCTCGAGAATGGATG-
GAAGGATCGGCGACAT-39 and 59-ATAGTTTAGCGGCCG-
GTGCTCAGGGAGTAGCCCTGGTGG-39 was subcloned into
he SrfI site of a plasmid pCRscript (Stratagene). After sequencing
f the insert and linearization with SmaI for the control sense
iboprobe and FokI for the antisense riboprobe, the plasmid was
sed to generate the riboprobes for neurestin by T3 or T7 RNA
olymerase-driven in vitro transcription, respectively. This tem-
late for the in situ riboprobe corresponds to the 59 end of the
cDNA that is likely to be shared among possible variants to
s of reproduction in any form reserved.
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167Neurestin Implicated in Neuronal Developmentmaximize the detection. Rat OMP (olfactory marker protein)
riboprobe was a kind gift from T. Cutforth in R. Axel’s laboratory
(Columbia University, New York, NY). All riboprobes used here
were labeled with digoxigenin–UTP (Boehringer Mannheim, Indi-
anapolis, IN). Both sense and antisense probes were used in every
neurestin in situ experiment to identify possible artifacts. Highly
stringent hybridization reactions were carried out at 67–72°C, and
the subsequent washes were carried out at 67.5°C. Then the
sections were incubated with alkaline phosphatase-conjugated
anti-digoxigenin Fab fragment (Boehringer Mannheim), and the
olor was developed with nitroblue tetrazolium and 5-bromo-4-
hloro-3-indoyl phosphate (Boehringer Mannheim).
For the anti-MAP-2 antibody staining, after high-pressure treat-
ent of the paraffin sections with an antigen unmasking solution
Vector Laboratories, Burlingame, CA), the sections were incubated
ith anti-MAP-2 antibody (Boehringer Mannheim) and then with
nti-mouse antibody conjugated with peroxidase (Vector Laborato-
ies). 3,39-Diaminobenzidine (Vector Laboratories) was employed
or the color reactions.
The anatomy was carefully checked in reference to Altman and
ayer (1995), Bayer (1983), Bayer and Altman (1991), Hinds
1968a,b), Shepherd and Greer (1990), and Shipley and Ennis (1996).
ufted cells in the main olfactory bulb were classified as external,
iddle, and internal. The internal tufted cells are considered to be
dentical to the displaced mitral cells, according to Shepherd and
reer (1990). In the accessory olfactory bulb, we do not call large-
nd medium-sized neurons mitral or tufted cells and simply call
hem “output neurons” or “output cells” according to Bayer (1993),
hich is the original terminology of Ramo´n y Cajal.
Regeneration Assays
Based on the regeneration experiment in Gonzalez and Silver
(1994), 50 ml of 0.17 M zinc sulfate solution was injected unilater-
ally or bilaterally with 30-min intervals into the nasal cavities of
adult rats (4–6 weeks of age) under general anesthesia (ketamine/
xylazine) using the Harvard PHD200 Model with an injection speed
of 5 ml/min. At 1, 5, 10, 20, 25, and 30 days after the treatment, the
olfactory epithelia and bulbs were surgically removed and sub-
jected to the in situ hybridization experiments using the OMP
iboprobe or neurestin riboprobe. At each time point, two or three
ats were used. For comparison, 50 ml of phosphate-buffered saline
(PBS) was injected unilaterally into the nasal cavities of adult rats
(n 5 4). The olfactory bulbs of the PBS-treated animals were
subjected to in situ hybridization using the OMP riboprobe (n 5 1,
1 day posttreatment) or neurestin riboprobe (n 5 3, 25 days
posttreatment). All animals used 25 days after PBS or zinc sulfate
treatment were about 4 weeks of age with their weight in the range
103–127 g when treated.
RESULTS
cDNA Cloning Based on the E2 Loop Homology
Identified Neurestin
PCR primers were designed based on the sequences of the
E2 loops of previously cloned odorant receptors (Buck and
Axel, 1991). Among them, a primer whose sequence was
taken from odorant receptor F5 amplified a stretch of DNA
with a satisfactory homology to odorant receptors at the
amino acid level (Fig. 1F). Since this was not an odorant
n
i
Copyright © 1999 by Academic Press. All righteceptor sequence but a part of a novel open reading frame,
urther cloning was pursued. The same primer also ampli-
ed a novel odorant receptor sequence quite similar to F5
arbitrarily named as odorant receptor J418; GenBank Ac-
ession No. AF071214) from the same cDNA library, ex-
erimentally verifying the homology between the E2 loops
nd the target cDNA sequences.
The 8689-bp cDNA containing a full-length open reading
rame of 8298 bp and encoding a large protein of 2765 amino
cid residues (306.6 kDa) was cloned (Figs. 1A and 1B). This
ovel gene from rat was named neurestin (formerly called
lfactoregulin). Neurestin protein showed the best se-
uence match with the neuregulin gene product human
g-heregulin (Schaefer et al., 1997). It also showed a highly
significant homology to a receptor-type pair-rule gene prod-
uct Odd Oz (Odz) or Tenm cloned from Drosophila melano-
gaster (Baumgartner et al., 1994; Levine et al., 1994) and its
homolog from Caenorhabditis elegans. Neurestin protein
was also similar to Tena from D. melanogaster (Baumgart-
ner and Chiquet-Ehrismann, 1993). Recently, the mouse
neurestin homolog, DOC4, was independently cloned from
the NIH-3T3 cell line (GenBank Accession No. AF059485;
X.-Z. Wang et al., 1998).
The entire sequence of human g-heregulin was found to
e 35% identical and 43% similar to the N-terminus of
eurestin (aa 1–570) (Figs. 1B and 1D). g-Heregulin is one of
he neuregulins, including neu differentiation factor, glial
rowth factor, and acetylcholine receptor-inducing activity
ARIA) (reviewed in Burden and Yarden, 1997). This raises
he possibility that neurestin might play a role in establish-
ng synapses similar to ARIA’s role at the neuromuscular
unction.
Overall, neurestin protein was 30% identical and 47%
imilar to Drosophila Odz/Tenm, although the N-terminal
extracellular portion of neurestin was almost entirely dif-
ferent from that of Odz/Tenm. Odz/Tenm is a sole receptor-
type pair-rule gene that is not a transcription factor. It is
expressed in neural tissues during embryonic and imaginal
disk development in Drosophila (Baumgartner et al., 1994;
Levine et al., 1994, 1997). Odz/Tenm mutant embryos were
shown to be lethal, yielding pair-rule phenotypes with
every alternate segment affected (Baumgartner et al., 1994;
Levine et al., 1994). In addition, the entire sequence of Tena,
a protein similar to Odz/Tenm, was 28% identical and 37%
imilar to a part of neurestin.
Within the g-heregulin-homologous region, there is a
ydrophobic domain, which may serve as a signal peptide
or protein localization (von Heijne, 1986) (Fig. 1C). An
dditional hydrophobic region that could serve as a trans-
embrane region was found in the middle of the protein
Rost et al., 1995), leading us to consider neurestin a
ransmembrane molecule (Fig. 1C). Indeed, DOC4 was
hown to be membrane associated at least in the NIH-3T3
ell line (X.-Z. Wang et al., 1998). At the N-terminus of
eurestin, a stretch similar to the variable regions of the
mmunoglobulin light chain from Raja (Anderson et al.,
s of reproduction in any form reserved.
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169Neurestin Implicated in Neuronal DevelopmentFIG. 1. Sequence analyses of the neurestin cDNA. (A) Conceptual translation of the full-length neurestin a cDNA. Possible signal peptide
equence (AALSAIAAALLLAILLAYFIAM) (von Heijne, 1986) and possible transmembrane domain (LLAPVALAVGIDGSLFVGDF) (Rost et
al., 1995) are shown in italicized bold letters. The possible attachment sites of glycosaminoglycan (sgng and sghg) (Bourdon et al., 1987) and
possible sites of N-linked glycosylation (nftl, nksd, ntsh, nhtl, nssi, nisl, nssl, and nvsf) (Gavel and von Heijne, 1990) are shown in lowercase
bold letters. Eight EGF-like motifs (Campbell and Bork, 1993) are italicized. At the end of the EGF-like motifs, a putative E2-like sequence,
which consists of 16 amino acid residues (CNVAMETSCADNKDNE), is shown in bold letters. Two cysteine-rich regions, CC box and CDC
box, are underlined. Five possible tyrosine kinase phosphorylation sites (K* L* S*E* I*V* Y* , R* I*K* E* V* Q* Y* , R* L* G* D* V* Q* Y* , K* I*D* D* D* G* Y* , and R* G* S*D* I*F*E* Y* )
Hunter 1982; Patschinsky et al., 1982; Cooper et al., 1984) are shown in bold letters and underlined with dots. An asterisk indicates the
top codon. The GenBank Accession number for neurestin a is AF086607. (B) Schematic diagram of neurestin a. Also shown are two other
ighly homologous proteins, human g-heregulin (HRG) (Schaefer et al., 1997) and Tena (Baumgartner and Chiquet-Ehrismann, 1993).
L/Notch-like sequence (Wharton et al., 1985; Anderson et al., 1995), signal peptide (SP), EGF-like repeats, CC box, transmembrane domain
(TM), CDC box, W-YYD motifs, and immunoglobulin-like domain (Ig) are indicated. (C) Kyte–Doolittle hydropathy plot (Kyte and
Doolittle, 1982) of neurestin a. There are possible SP and TM regions indicated by asterisks. (D) Alignment of neurestin and human g-HRG
(GenBank Accession No. AF009227; Schaefer et al., 1997). Possible signal peptide sequence is shown in bold letters. Ig-like domain in
g-heregulin is underlined. Overall, they are 35% identical and 43% similar with 36% of gaps. Major differences are the existence of the
Ig-like domain and the number of EGF-like motifs. An asterisk indicates the stop codon. Plus signs (1) indicate conservative amino acid
changes. (E) EGF-like motifs of neurestin a (top) and schematic diagram of its variants (bottom). Consensus sequence among these motifs
nd general EGF-like motif are also shown. Compared to neurestin a, in neurestin b, the sixth and seventh EGF-like motifs are deleted
(italicized and underlined). In neurestin g, 9 amino acid residues (GRQTAGTET) are inserted at the beginning of the eighth EGF-like motif
between TI and DG. In neurestin d, the second and third EGF-like motifs are deleted (italicized and underlined) with the insertion of 9
mino acid residues as in neurestin g. The GenBank accession numbers for neurestin a, b, g, and d are AF086607, AF086608, AF086609,
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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170 Otaki and Firestein1995) and Drosophila Notch (Wharton et al., 1985) was
found (not shown).
Additionally, we identified eight well-conserved EGF-
like motifs whose consensus sequence is X4-6CX3-4CX5CX4-8
CX1CX8C (Campbell and Bork, 1993) (Fig. 1E). A database
earch using the neurestin EGF-like motifs showed this
egion to be homologous to the EGF-like motifs of mam-
alian tenascins and also to those of Notch-related recep-
ors and ligands such as Notch, Jagged/Serrate, Crumbs, and
elta from several different organisms. However, since no
egions other than the EGF-like motifs were similar to
ammalian tenascins, this novel molecule may be better
lassified as a new type of receptor than as a member of
enascins.
The EGF-like motifs were followed by the “CC box,” a
egion containing 6 cysteine residues that is well conserved
mong Tena and Odz/Tenm (Baumgartner et al., 1994). The
equence similar to the E2 loops of the odorant receptors, a
tretch of 18 amino acid residues in length, was found
ithin the CC box (Fig. 1F). It showed a 39% (7/18) identity
nd 72% (13/18) similarity between neurestin and an odor-
nt receptor consensus sequence derived from 10 original
lones (Buck and Axel, 1991). Comparing the entire E2 loop
38 amino acid residues in length) indicated that they are
1% (8/38) identical and 42% (16/38) similar. In particular,
he three cysteine residues were conserved.
An additional cysteine-rich region, the “CDC box,” was
lso identified (Fig. 1G). This CDC box motif appeared to be
onserved among neurestin, Drosophila Odz/Tenm, and its
C. elegans homolog, as well as band 6 protein (plakophilin),
a cytosolic component of desmosome (Hatzfeld et al., 1994).
This suggests that the CDC box may be located in a
cytosolic site, justifying the putative transmembrane region
predicted to lie between the CC box and the CDC box.
Following the CDC box, six b-sheet repeats, here called
“W-YYD motifs,” were observed (Fig. 1H). Within this
region, there were five possible tyrosine phosphorylation
sites (Hunter, 1982; Patschinsky et al., 1982; Cooper et al.,
984) clustered around the fourth and fifth W-YYD motifs,
urther justifying the transmembrane domain and suggest-
ng a possible role in initiating a signal transduction cascade
mportant for morphogenesis, similar to Drosophila Odz/
enm. Phosphorylation of Odz/Tenm was experimentally
hown (Levine et al., 1994).
The similarity with the E2-like sequence and the re-
and AF086610, respectively. (F) Alignment of the neurestin E2-lik
Accession No. M64376; Buck and Axel, 1991) and M71 (GenBank A
amino acid resides, the neurestin sequence is 72% similar and 33%
from the original clones reported in Buck and Axel (1991). And the
identical to neurestin. Plus signs (1) indicate conservative amino
Odz/Tenm (dOdz), its C. elegans homolog (cOdz), and a cytoso
ccession No. X79293; Hatzfeld et al., 1994). (H) Six W-YYD motusing PredictProtein (Rost et al., 1995). Possible tyrosine phosphorylatio
with dots.
Copyright © 1999 by Academic Press. All righteated EGF-like motifs led us to focus our interest on this
egion of the protein and to search for possible splice
ariants. Although we did not detect any variations in the
2-like sequence, we have detected three different clones
neurestin b, g, and d) in addition to the original clone,
eurestin a, from the same cDNA library using PCR (Fig.
1E). Compared to neurestin a, neurestin b (8 of 17 clones)
howed a deletion of the sixth and seventh EGF motifs.
eurestin g (6 of 17 clones) showed an insertion of 9 amino
acid residues at the beginning of the eighth EGF motif.
Neurestin d (1 of 17 clones) showed a deletion of the second
and third EGF motifs with an insertion of 9 amino acid
residues as in neurestin g. These variants are likely to be
roduced by alternative splicing. Indeed, Southern blot
nalysis of genomic DNA from different species showed
hat the neurestin gene is reasonably conserved among
ammals (Fig. 2A).
Neurestin mRNA Expression Is Developmentally
Controlled in the Central Nervous System (CNS)
Multiple-tissue Northern blot analysis showed that neur-
estin mRNA was enriched in the adult brain, although it
was expressed weakly in tissues other than brain (Fig. 2B).
The major products were 10.5, 9.8, and 8.8 kb. The largest
transcript was specifically observed only in the brain. The
difference in molecular weight among these bands probably
reflects the different splice variants and the different
lengths of their 39 untranslated regions and poly(A) tails.
In situ hybridization histochemistry demonstrated the
spatial and temporal distribution of neurestin mRNA ex-
pression in the embryonic and adult rat CNS (Table 1; Figs.
3–6). There was no significant expression observed any-
where in rat embryos of E10–E15. Some weak staining was
observed in the CNS of the E16 embryo. Starting with
E17–E18 embryos, a very strong signal appeared and con-
tinued throughout the remaining prenatal days (Figs. 3A
and 3B). The signal was strongest in the cerebral cortex
(including the cingulate cortex, neocortex, and orbital and
insular area), thalamus (anterior and intermediate thala-
mus, and weakly in posterior thalamus), and midbrain.
Gradients of signals were observed in these areas: In the
cerebral cortex, the far posterior part showed the strongest
signal and faded toward the anterior part (Fig. 3E). Almost
all other areas in the CNS, such as the hypothalamus,
uence that covers the first part of the CC box with F5 (GenBank
sion No. U28782; Sullivan et al., 1996). Within the underlined 18
tical to the odorant receptor consensus (OR-cons) sequence derived
re E2 loop of the OR consensus sequence is 42% similar and 18%
changes. (G) CDC boxes conserved among neurestin, Drosophila
omponent of desmosome, band-6-protein/plakophilin (GenBank
he identification of this motif is based on the conserved W (or V)e seq
cces
iden
enti
acid
lic c
ifs. T
nd YXYXD sequences (underlined) with the 75–100 total amino acid residues in length and the ability to form b-sheets but not a-helices
n sites at the beginning of the fourth and fifth motifs are underlined
s of reproduction in any form reserved.
171Neurestin Implicated in Neuronal DevelopmentFIG. 2. Southern and Northern hybridization of neurestin cDNA probe. (A) Interspecies cross-hybridization (Southern blot analysis). The
strongest signal from rat genomic DNA would be the signal from the neurestin genomic DNA itself. Across the species tested, the neurestin
gene appears to be well conserved. The leftmost lane indicates markers in kilobases from top to bottom: 23.9, 9.4, 6.7, 4.4, 2.3, and 2.0. (B)
Multiple-tissue Northern hybridization. Neurestin mRNA is enriched in the adult brain. The major products are 10.5, 9.8, and 8.8 kb in
length. The smaller weak products including 8.0 and 6.5 kb seem to be some degradation products, around which smearing is seen.
Although not seen well in this picture, neurestin is also weakly expressed in the thymus (9.8 and 8.8 kb), testis (9.8, 8.8, and 8.0 kb),
stomach (9.8, 8.8, and 8.0 kb), liver (9.8 and 8.8 kb), and skin (9.8 and 8.8 kb), with various ratios of intensities among the expressed
transcripts. Nonetheless, the expression level in the brain is much stronger than in other tissues. The largest transcript seen in brain, 10.5
kb in length, is brain-specific. The leftmost lane indicates RNA markers in kilobases from top to bottom: 9.49, 7.46, 4.40, 2.37, and 1.35.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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172 Otaki and Firesteinrhinencephalon, cerebellum, septum, pons, medulla, spinal
cord, and olfactory bulb, were also stained (Table 1). None-
theless, the stained cells were restricted to the differentiat-
ing fields and were not seen in neuroepithelia and second-
ary germinal matrices (subventricular zones). In the
FIG. 3. In situ hybridization of neurestin riboprobe in the develop
Thickness of sections: (A) 20 mm (cryosection), (B–F) 7 mm (paraffin
the cerebral cortex. Less intense staining is seen in other parts of th
This staining pattern is seen from E17 to P1 with minor modificati
from around birth. Note also the intense staining in somites. Scale
the cerebral cortex. Scale bar, 4.5 mm. (C) Higher magnification
stained. NE, neuroepithelium. Scale bar, 100 mm. This scale is al
ntibody, which stains differentiating neurons but not nondifferent
mainly in the CP, nicely overlaps with the anti-MAP-2 signal, ind
Posterior cortex and thalamus (T) of the E20 embryo. The neurestin
TABLE 1
In Situ Hybridization of Neurestin Riboprobe in the Rat CNS and
E10–15 E16 E17 E18 E19 E2
Cerebral cortex
Frontal 2 2 11 111 111 11
Posterior 2 1 111 1111 11111 111
Thalamus
Anterior 2 11 111 111 1111 111
Posterior 2 1 11 11 111 11
Hippocumpal
formation
Subicular area 2 2 2 2 1 1
Hippocumpus 2 2 2 2 1 1
Dentate gyrus 2 2 2 2 1 1
Olfactory bulb
Main 2 2 1 1 1 1
Accessory 2 2 1 1 1 1
Septum 2 1 11 11 111 11
Midbrain 2 1 111 111 111 11
Hypothalamus 2 1 1 1 1 1
Rhinencephalon 2 2 2 2 2 1
Pons and medulla 2 1 1 1 1 1
Spinal cord 2 1 1 11 11 N/
Cerebellum 2 2 1 1 1 N/
Olfactory epithelium 2 2 2 2 2 2
Heart 2 2 2 2 2 N/
Kidney 2 2 2 2 2 N/
Lung 2 2 2 2 2 N/
Liver 2 2 2 2 2 N/
Note. Relative intensity is shown in six different degrees (2, sig
detected; 11111, very strong signals detected). N/E, not examine
E13, E14, and E15 embryos. In the hippocampal formation, the ven
bulb, the staining at P1 and earlier is seen only in tufted cells, incl
neurons (in the accessory olfactory bulb). The staining at P5 and la
tufted cells and in granule cells, but both cell types are stained westained. V, ventricle. Scale bar, 500 mm. This scale is also applied to (F
signals are seen.
Copyright © 1999 by Academic Press. All righteocortex, the signals were mainly located in pyramidal
ells in the cortical plate and in the subplate area (Figs.
C–3F). These spatiotemporal factors and their large round
ell bodies with processes identified them as probable
ifferentiating neurons (Bayer and Altman, 1991). Histo-
at embryo and cerebral cortex (E18–E20). All sections are sagittal.
ions). (A) Whole E19 rat embryo. The neurestin signal is strong in
S such as the thalamus, midbrain, spinal cord, and olfactory bulb.
xcept for the strong expression in the hippocampal formation seen
8 mm. (B) Whole E18 rat embryo. The neurestin signal is strong in
8 posterior cortex. The cortical plate (CP) and subplate areas are
plied to (D). (D) Adjacent section of (C) stained with anti-MAP-2
g neurons (Ferreira et al., 1987). The neurestin signal shown in (C),
ng that neurestin is expressed only in differentiating neurons. (E)
al is at its peak on E20 and continues to be strong through the early
er Tissues
E21 P0 P1 P3 P5 P10 P30
111 111 111 1 1 1 2
11111 11111 1111 111 11 11 11
11111 11111 11111 111 11 11 11
111 111 111 11 1 1 1
1 11 11 11 111 1111 1111
1 11 11 11 111 111 1111
11 111 111 111 1111 1111 11111
1 1 1 1 11 1111 1111
11 11 11 1 11 1111 1111
1111 111 111 11 11 11 11
1111 1111 111 1 1 1 1
11 11 1 1 1 1 1
11 111 11 1 1 1 1
N/E 1 1 N/E N/E 1 2
N/E N/E N/E N/E N/E N/E N/E
N/E N/E 1 2 N/E 2 2
2 N/E 2 2 2 2 2
N/E N/E 2 2 N/E N/E N/E
N/E N/E 2 2 N/E N/E N/E
N/E N/E 2 2 N/E N/E N/E
N/E N/E 2 2 N/E N/E N/E
ot detected and/or brain structures undeveloped; 1, weak signals
e neurestin expression is not detected anywhere in E10, E11, E12,
part is stained more strongly than the dorsal part. In the olfactory
g displaced mitral cells (in the main olfactory bulb), and in output
seen only in granule cells. At P3, the staining is observed both in
, and fewer cells are stained than at other stages.ing r
sect
e CN
ons e
bar,
of E1
so ap
iatin
icati
sign
postnatal days in these regions. Two layers of the cortical plates (supragranular part and infragranular part) and the subplate are stronglyOth
0
1
11
11
1
1
1
11
1
E
E
E
E
E
E
nals n
d. Th
tral
udin). (F) Adjacent section of (E) hybridized with sense riboprobe. No
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body (Ferreira et al., 1987) further identified them as differ-
entiating neurons at least in the cerebral cortex (Fig. 3D).
Note that the cortical plate appears on E16 (Bayer and
Altman, 1991), which is coincident with the appearance of
the neurestin in situ signal. Neurestin signals observed in
somites along the spinal cord are also interesting in regard
to homology to the Drosophila pair-rule gene (Fig. 3A).
FIG. 5. In situ hybridization of neurestin riboprobe in the develo
sagittal at 20 mm. (A) P1 main olfactory bulb, rostral side right. A
neurons (see Fig. 4 for comparison), the broader external plexiform
visual inspection in comparison with (B), that about 5% of the total
tufted cells (Tm), and internal tufted cells (displaced mitral cells, Ti
lines indicate the layered structure of the primitive olfactory bulb.
staining of (A). Layered structure is clearly seen because of the sta
mitral cell layer. (C) Higher magnification of P1 mitral and tufted
be superimposed (arrows). Some stained cells are also seen close
different expression levels. Some weakly stained cells may not be
D) P1 accessory olfactory bulb, rostral side right. Almost all outpu
ll output neurons in the rostral area are also stained (arrows). Not
hat of the main olfactory bulb: output cell layer (corresponding to
here is no distinction between tufted and mitral cells, glomeruli a
endrites to glomeruli. Broken lines indicate the layered struct
magnification of the most posterior part of the P1 accessory olfactor
identify them as output neurons. A broken line indicates the layer
of granule cells in the P3 main olfactory bulb (arrow). While the
FIG. 4. In situ hybridization of neurestin riboprobe in the E19 ra
(A) Accessory and main olfactory bulb, rostral side right. The boun
an arrowhead. The caudal area of the accessory olfactory bulb is stro
V, ventricle. Scale bar, 200 mm. (B) Higher magnification of the dorsa
the layered structure is unambiguously seen. Strong staining is obs
immediately below the primitive glomerular layer (G). At this stag
layer (see Fig. 5A for comparison). M, primitive mitral cell layer; Gstained strongly as aggregates. Dendrites toward the surface of the olfac
mRNA is expressed in P3 granule cells and may be transported to dend
Copyright © 1999 by Academic Press. All rightIn the E17–P1 main olfactory bulb, the staining was
mainly seen in the tufted cells including external, middle,
and internal tufted cells (displaced mitral cells), although
some mitral cells proper also seemed to be stained (Figs. 4
and 5A–5C). At E19, the expression appeared to be largely
uniform throughout the primitive external plexiform layer
(Fig. 4). The expression declined shortly after birth. At P1,
stained tufted cells (about 5% of the total number of the
rat olfactory bulb (P1–P3). All sections are cryosections and made
gh the staining of the P1 tissue is seen only in a restricted set of
r makes it easier to identify stained cell types. It is estimated, by
ber of the tufted cells are stained. External tufted cells (Te), middle
are stained. Mitral cells proper (M) also seem to be stained. Broken
e bar, 100 mm. This scale is also applied to (B). (B) Hoechest 33258
nuclei. GL, glomerular layer; EPL, external plexiform layer; MCL,
. Two internal tufted cells (displaced mitral cells, Ti/Md) seem to
hese strongly stained cells (arrowheads), possibly implying their
aced mitral cells but may be mitral cells proper. Scale bar, 20 mm.
ls in the segregated caudal area are strongly stained. Some but not
t the morphology of the accessory olfactory bulb is different from
al cell layer) is several cells thick, external plexiform layer is thin,
t well defined, and output neurons send not only one but several
VNL, vomeronasal nerve layer. Scale bar, 100 mm. (E) Higher
b, rostral side right. Large nuclei (arrows) and dendrites (arrowhead)
ructure. OCL, output cell layer. Scale bar, 20 mm. (F) An aggregate
d cell expression decreased in P3, some granule cells began to be
ctory bulb. These sections are cryosections and sagittal at 20 mm.
between the accessory and the main olfactory bulb is indicated by
stained. AOB, accessory olfactory bulb; MOB, main olfactory bulb;
t of the main olfactory bulb, rostral side right. Although premature,
d in perikarya located in the primitive external plexiform layer (E)
e stained cells are relatively uniformly distributed throughout the
rimitive granule cell layer. Scale bar, 80 mm.ping
lthou
laye
num
/Md)
Scal
ined
cells
to t
displ
t cel
e tha
mitr
re no
ure.
y bul
ed st
tuftet olfa
dary
ngly
l par
ervetory bulb are clearly seen (arrowheads), suggesting that neurestin
rites. Scale bar, 20 mm.
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o176 Otaki and FiresteinFIG. 6. In situ hybridization of neurestin riboprobe in the mature rat olfactory bulb and hippocampal formation (P30 and adult). All
sections are cryosections and sagittal. Thickness of sections: (A–D) 10 mm, (E–F) 20 mm. (A) P30 whole brain. Strong signals are seen in the
hippocampal formation (arrows) and in the olfactory bulb (arrowheads). Scale bar, 5 mm. This scale is also applied to (B). (B) P30 whole brain
hybridized with sense riboprobe. (C) P30 ventral hippocampal formation, higher magnification of (A). Dentate gyrus and hippocampus
proper are strongly stained. Granule cells in dentate gyrus show the most intensive staining. Scale bar, 400 mm. (D) Higher magnification
f (C), dentate gyrus. Granule cells are clearly seen. Scale bar, 100 mm. (E) Adult main olfactory bulb. Similar staining pattern is also seen
in P5, P10, and P30. Intensive staining is seen in the mitral cell layer and at the top of the granule cell layer, making double-stained layers.
Scale bar, 250 mm. (F) Higher magnification of (E). Granule cells in the mitral cell layer and the superficial granule cells at the top of the
granule cell layer are clearly stained. Most, if not all, staining is seen in granule cells. EPL, external plexiform layer; MCL, mitral cell layer;
IPL, internal plexiform layer; GCL, granule cell layer. Scale bar, 80 mm.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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177Neurestin Implicated in Neuronal Developmenttufted cells) were scattered (Figs. 5A–5C) and entirely dis-
FIG. 7. Regeneration in situ hybridization in the rat olfactory b
lomeruli are indicated by the asterisks. ONL, olfactory nerve laye
ayer, GCL, granule cell layer. (A) Sham-treated adult rat olfactory b
erve layer and glomeruli are strongly stained. This pattern is ident
This scale is also applied to (B). (B) Zinc sulfate-treated olfactory bu
OMP signal signifies that the treatment successfully ablated the olf
after the treatment hybridized with neurestin riboprobe. There is no
staining is seen in the mitral and granule cell layers. Scale bar, 100
bulb 25 days after the treatment hybridized with neurestin ribopro
observed, some cells immediately below glomeruli are strongly sta
external plexiforma layer) is indicated by an arrowhead. In this sect
parallel to the outer edge of the olfactory bulb and the mitral cellappeared by P5. Expression in granule cells first appeared on
P3 (Fig. 5F) and continued to adulthood. On the other hand,
o
Copyright © 1999 by Academic Press. All rightignals from glial cells (Bailey and Shipley, 1993) were not
All sections are cryosections and cut at 20 mm. Representative
, glomerular layer; EPL, external plexiform layer; MCL, mitral cell
day after the treatment hybridized with OMP riboprobe. Olfactory
o that in untreated normal animals (not shown). Scale bar, 200 mm.
ay after the treatment hybridized with OMP riboprobe. Very weak
y receptor neurons. (C) Sham-treated normal olfactory bulb 25 days
ning observed in the glomerular and external plexiform layers. The
This scale is also applied to (D). (D) Zinc sulfate-treated olfactory
ogether with some small glomeruli and thin olfactory nerve layer
The stained layer (boundary between the glomerular layer and the
he stained cells, possibly external tufted cells, appear to be aligned
. Granule cells are stained as in the sham-treated animals (C).ulb.
r; GL
ulb 1
ical t
lb 1 d
actor
stai
mm.
be. T
ined.bserved at any stage of development.
In the accessory olfactory bulb, the staining appeared at
s of reproduction in any form reserved.
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178 Otaki and FiresteinE17 only in the caudal area, not in the rostral area. In the
E19 accessory olfactory bulb, up to one-fourth of the output
cell layer was stained in the far lateral sections (Fig. 4A),
whereas in the far medial sections no staining was seen (not
shown). The expression level became even stronger at P1
(Figs. 5D and 5E), but the expression declined by P3 and
entirely disappeared by P5 as in the main olfactory bulb.
As the strong expression in the cortex and thalamus
gradually faded after birth, the expression in the hippocam-
pal formation markedly increased (Table 1). In the P30
CNS, neurestin signal was largely restricted to the hip-
pocampal formation and the olfactory bulb (Figs. 6A and
6B). In the P30 hippocampal formation, granule cells in the
dentate gyrus and the pyramidal cells in the hippocampus
proper were stained strongly, as were the subicular area and
the entorhinal cortex (Figs. 6C and 6D). In the adult
olfactory bulb, the strongest signals were in the superficial
granule cells in the granule cell layer and the granule cells
in the mitral cell layer (Figs. 6E and 6F). Mitral and tufted
cells appeared to express neurestin very weakly, if at all.
Cells of the olfactory epithelium did not express neurestin
at any time throughout development (not shown).
Ablation of Olfactory Sensory Neurons Induces
Neurestin mRNA
The adult expression pattern of neurestin in the olfactory
and hippocampal granule cells suggests that neurestin may
play an important role in a process during neuronal regen-
eration, since these cells are known to be generated
throughout adulthood (Lois and Alvarez-Buylla, 1993; Cam-
eron et al., 1993). To determine if neurestin is involved in
he regeneration of adult neurons, we made use of the
nique regenerative properties of the olfactory sensory
pithelium (Graziadei and Graziadei, 1979). Mature olfac-
ory sensory neurons (OSNs) are replaced continuously
hroughout life, and when the neurons are experimentally
esioned a robust wave of sensory neuron regeneration is
nduced (Gonzalez and Silver, 1994). For these experiments
lfactory sensory neurons were chemically ablated using a
asal lavage of 0.17 M zinc sulfate solution. In situ hybrid-
zation using the riboprobe of OMP (a protein of no known
unction expressed ubiquitously and exclusively in mature
SNs and shown to exist in glomeruli (Wensley et al.,
995)) in the olfactory bulb showed that the treatment
uccessfully ablated the sensory axon termini within the
lomeruli (Figs. 7A and 7B).
In the olfactory bulb 20–25 days after the treatment, in
itu hybridization with the neurestin riboprobe showed
hat some cells immediately below the glomerular struc-
ures were stained (Fig. 7D), which was not observed in
ham-treated adult rats (Fig. 7C). These cells are likely to be
xternal tufted cells. This expression pattern is reminiscent
f that seen in the developmental stages following E17. In
he olfactory bulb 30 days after the zinc sulfate treatment
nder this experimental condition, these glomeruli would
e in the process of regeneration and synapse formation, as
Copyright © 1999 by Academic Press. All righthown in Gonzalez and Silver (1994). On the other hand, no
taining of mitral cells nor middle and internal tufted cells
n the external plexiform layer was observed. The staining
attern of granule cells remained the same as in the
ham-treated animals (Fig. 7C). Note that in normal adults
eurestin expression in the olfactory bulb is restricted in
ranule cells (Fig. 6E and 6F). In the olfactory epithelium, no
taining was observed in the regenerating OSNs at 20 days
osttreatment (not shown).
DISCUSSION
Neurestin Is a Novel Transmembrane Protein
We have cloned a novel molecule, neurestin, from the rat
olfactory bulb. Our sequence analyses in conjunction with
other studies (X.-Z. Wang et al., 1998) suggests that neur-
stin is a transmembrane molecule. The extracellular por-
ion of neurestin displays a high homology to g-heregulin,
ne of the neuregulins that is generally believed to be either
ecreted or transmembrane. This suggests that neurestin
ay play a role in synapse formation, as neuregulins do
reviewed in Burden and Yarden, 1997). Although neurestin
acks an immunoglobulin (Ig) domain found in g-heregulin,
ome neuregulin isoforms lacking the Ig domain are impor-
ant in synapse formation between neurons (Yang et al.,
998).
Neurestin is also homologous to the Drosophila pair-rule
ene product Odz/Tenm. The homology is especially strong
in the intracellular portion. In Drosophila, Odz/Tenm is
xpressed in the nervous system during morphogenesis
oth in the embryo (Baumgartner et al., 1994; Levine et al.,
994) and in imaginal tissues (Levine et al., 1997). This
uggests a possible role for neurestin in neuronal morpho-
enesis in mammals.
We found several intriguing sequence motifs in this
olecule. In the extracellular portion there is a distinctive
roup of six to eight EGF-like motifs followed by a cysteine-
ich CC box. We found that the CC box contains a homol-
gy to the E2 loops of the odorant receptors, a unique
equence among GPCRs. Moreover, this E2-like sequence
n neurestin is located immediately after the six to eight
onsecutive EGF-like motifs as if the E2-like sequence is a
erivative of the EGF-like motifs. The EGF-like motifs and
he E2-like sequence are highly homologous to Drosophila
otch and Notch-related proteins such as Delta, Jagged/
errate, and Crumbs. It is interesting to note that the
GF-like motifs in Notch and Delta or Serrate are involved
n direct protein–protein interactions (Rebay et al., 1991; de
elis et al., 1993). This suggests that neurestin may func-
tion via protein–protein interaction.
Neurestin possesses an exceptionally large intracellular
domain compared to neuregulins. In the presumptive intra-
cellular region, we found five potential tyrosine kinase
phosphorylation sites clustered around the fourth and fifth
W-YYD motifs, implying a possible role for neurestin in
s of reproduction in any form reserved.
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179Neurestin Implicated in Neuronal Developmentinitiating a signal transduction cascade as a cell-surface
receptor.
Neurestin May Play a Role in Development and
Regeneration in the CNS
In addition to the sequence homology to g-heregulin and
dz/Tenm, the neurestin expression pattern suggests a role
n neuronal development. In adult rats, neurestin is highly
xpressed in the olfactory and hippocampal granule cells.
hese two neuron types are known to be born postnatally
nd possibly to modify the dendrodendritic synapses on
heir spines continuously during adult life (Lois and
lvarez-Buylla, 1993; Cameron et al., 1993). Indeed, when
grafted into the rostral migratory pathway, hippocampal
progenitors can migrate into the olfactory bulb and differ-
entiate into tyrosine hydroxylase-positive neurons similar
to those in the normal olfactory bulb (Suhonen et al, 1996).
During development, neurestin is expressed in neurons in
the differentiating fields throughout the CNS (Table 1). The
time course of expression is broadly consistent with the
period of synapse formation in these various neuronal
populations. In the developing main olfactory bulb, neures-
tin is expressed in tufted cells during the period E17–P3, a
time during which synapses are forming in glomeruli
(Hinds and Hinds, 1976a,b; Farbman, 1986). Neurestin
expression, detected as early as E17 in cells sending their
dendritic arbors to protoglomeruli and continuing during
the entire period of glomerular maturation, is consistent
with a role in glomerulus formation and possibly in the
process of synapse stabilization. Protein localization using
an antibody against neurestin is necessary to confirm this
idea. After P3 in the normal animal the expression of
neurestin shifts to superficial granule cells, which are
mainly born postnatally (Lois and Alvarez-Buylla, 1993).
Further evidence for a role in glomerular formation
comes from regeneration studies. Although normal neures-
tin expression in tufted cells ceases by around P3, it can be
reinduced by lesioning the olfactory epithelium and causing
regeneration of olfactory sensory neurons. Twenty-five days
postlesioning, when the regenerated olfactory sensory neu-
rons begin to form new glomeruli (Gonzalez and Silver,
1994), neurestin expression is again detected in external
tufted cells. This suggests that neurestin is involved in the
synaptic reinnervation between olfactory sensory neurons
and external tufted cells. It is interesting to note that the
expression of DOC4, a neurestin homolog, is also induced
upon stress in NIH-3T3 cells (X.-Z. Wang et al., 1998).
In the developing accessory olfactory bulb, neurestin is
highly expressed in the caudal, but not the rostral, area of
the output cell layer. This area might largely correspond to
one part of the olfactory nerve layer and glomerular layer
subdivided by lectin histochemistry (Taniguchi et al., 1993;
Ichikawa et al., 1994), G-protein expression (Jia and Hal-
pern, 1996, 1997), the expression of putative pheromone
receptors (Dulac and Axel, 1995; Herrada and Dulac, 1997;
Matsunami and Buck, 1997; Ryba and Tirindelli, 1997), and
Copyright © 1999 by Academic Press. All rightthe expression of a cell adhesion molecule, OCAM (Yoshi-
hara et al., 1997; von Campenhausen et al., 1997). This
differential expression pattern of neurestin strongly sug-
gests a role in the establishment of the olfactory sensory
map at least in the accessory system.
In summary, we found a novel transmembrane molecule,
neurestin, expressed in neurons in the CNS. Based on
sequence analyses and the expression pattern, we propose
that neurestin may play a role in neuronal development and
possibly in synapse formation in the CNS. In the olfactory
bulb, neurestin may contribute to the formation of glo-
meruli and of the zonal projection pattern during develop-
ment and regeneration. The results of recent receptor dele-
tion experiments in mice have demonstrated that odorant
receptors are necessary for proper axon targeting and possi-
bly the formation of glomerular structures (F. Wang et al.,
1998), but the potential molecules that they interact with
are unknown. Since neurestin possesses a similar sequence
found in odorant receptors, neurestin may be one among
many molecules important in neuronal target recognition.
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